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Abstract
We unveil the temperature-dependent electroweak phase transition in new extensions of the
Standard Model in which the electroweak symmetry is spontaneously broken via strongly cou-
pled, nearly-conformal dynamics achieved by the means of multiple matter representations. In
particular, we focus on the low energy effective theory introduced to describe Ultra Minimal
Walking Technicolor at the phase transition. Using the one-loop effective potential with ring
improvement, we identify regions of parameter space which yield a strong first order transition.
A striking feature of the model is the existence of a second phase transition associated to the
electroweak-singlet sector. The interplay between these two transitions leads to an extremely rich
phase diagram.
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I. INTRODUCTION
Models of dynamical electroweak symmetry breaking constitute some of the best
motivated extensions of the Standard Model (SM) of particle interactions. Within these
models one can simultaneously address, in a natural way, the breaking of the electroweak
symmetry and the origin of dark matter.
An intriguing research topic to explore within these extensions of the SM is the one
associated to the possible generation of the experimentally observed baryon asymmetry
of the universe at the electroweak phase transition (EWPT)[1, 2, 3, 4]. For the mechanism
to be applicable it requires the presence of new physics beyond the SM [5, 6, 7, 8, 9, 10]. An
essential condition for electroweak baryogenesis is that the baryon-violating interactions
induced by electroweak sphalerons are sufficiently slow immediately after the phase
transition to avoid the destruction of the baryons that have just been created. This is
achieved when the thermal average of the Higgs field evaluated on the ground state, in
the broken phase of the electroweak symmetry, is large enough compared to the critical
temperature at the time of the transition (see for example ref. [11] and references therein),
φc/Tc > 1. (1)
In the SM, the bound (1) was believed to be satisfied only for very light Higgs bosons
[12, 13, 14, 15, 16]. However, this was before the mass of the top quark was known.
With mt = 175 GeV, nonperturbative studies of the phase transition [17, 18, 19] show that
the bound (1) cannot be satisfied for any value of the Higgs mass (see also [20, 21]). In
addition to the difficulties with producing a large enough initial baryon asymmetry, the
impossibility of satisfying the sphaleron constraint (1) in the SM provides an incentive for
seeing whether the situation improves in various extensions of the SM [22, 23, 24, 25].
In this paper we explore the electroweak phase transition in the model put forward
in [26]. This is an explicit example of (near) conformal (NC) technicolor [27, 28, 29,
30, 31, 32, 33] with two types of technifermions transforming according to two different
representations of the underlying technicolor gauge group [34, 35]. The model possesses
a number of interesting properties to recommend it over the earlier models of dynamical
electroweak symmetry breaking:
• Features the lowest possible value of the naive S parameter [36, 37] while possessing
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a dynamics which is NC.
• Contains, overall, the lowest possible number of fermions.
• Yields natural dark matter (DM) candidates.
Due to the above properties we termed this model UltraMinimal near conformal Technicolor
(UMT). It is constituted by an SU(2) technicolor gauge group with two Dirac flavors in the
fundamental representation also carrying electroweak charges, as well as, two additional
Weyl fermions in the adjoint representation but singlets under the SM gauge groups.
We arrived at the UMT model while investigating, in a systematic way, the param-
eter space of the possible strongly coupled theories one can use to construct models of
dynamical electroweak symmetry breaking [35, 38, 39, 40, 41, 42]. More specifically we
uncovered, using various analytic methods, the phase diagrams as function of colors and
flavors for SU(N) gauge theories in [35, 38, 39, 41, 42, 43] and for SO(N) and Sp(2N)
theories in [40]. By direct comparison of the various phase diagrams an intriguing uni-
versal picture emerges [40]. The results of these investigations led to Minimal Walking
Technicolor (MWT)[35, 38, 44, 45] and also to UMT [26]. These models make use of higher
dimensional representations which have already been used in the past. Time-honored
examples are grand unified models. Theories with fermions transforming according to
higher dimensional representations develop an infrared fixed point (IRFP) for a very
small number of flavors and colors [35, 38, 39]. This was considered unlikely to occur
for nonsupersymmetric gauge theories with fermionic matter [46]. The relevance of this
discovery [38] is that it allows for the construction of several explicit UV-complete models
able to break the electroweak symmetry dynamically while the models naturally feature
small contributions to the electroweak precision parameters [45, 47, 48]. It also helps
alleviating the Flavor Changing Neutral Currents problem while featuring explicit can-
didates of asymmetric dark matter [26, 45]. The models are also economical since they
require the introduction of a very small number of underlying elementary fields and can
feature a light composite Higgs [99] [35, 44, 49]. Recent analysis further support this latter
observation [50, 51] for walking models.
On the astrophysical side, technicolor models are capable of providing interesting dark
matter candidates, since the new strong interactions confine techniquarks in technimeson
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and technibaryon bound states. The spin of the technibaryons depends on the represen-
tation according to which the technifermions transform, and the numbers of flavors and
colors. The lightest technimeson is short-lived, thus evading BBN constraints, but the
lightest technibaryon typically has [100] a mass of the order
mTB ∼ 1 − 2 TeV . (2)
However, in UMT the technibaryon is a pseudo Goldstone boson and hence can be
substantially lighter then a TeV making it possible to observe it at the Large Hadron
Collider experiment [52]. Technibaryons are therefore natural dark matter candidates
[53, 54, 55]. In fact it is possible to naturally understand the observed ratio of the dark to
luminous matter mass fraction of the universe if the technibaryon possesses an asymmetry
[53, 54, 55]. If the latter is due to a net B−L generated at some high energy scale, then this
would be subsequently distributed among all electroweak doublets by fermion-number
violating processes in the SM at temperatures above the electroweak scale [56, 57, 58],
thus naturally generating a technibaryon asymmetry as well. To avoid experimental
constraints the technibaryon should be constructed in such a way as to be a complete
singlet under the electroweak interactions[52]
Interesting applications have been envisioned for the LHC phenomenology [38, 45, 59,
60, 61, 62] and for Cosmology [26, 52, 53, 54, 55, 63, 64, 65, 66, 67, 68, 69, 70].
The nonperturbative dynamics of these models is being investigated via first principles
lattice computations by several groups [71, 72, 73, 74, 75, 76, 77, 78, 79, 80]. In the literature
the reader can also find attempts to gain information using gauge-gravity type duality
[81, 82, 83].
The order of the electroweak phase transition (EWPT) depends on the underlying
type of strong dynamics and plays an important role for baryogenesis [11, 84]. The
technicolor chiral phase transition at finite temperature is mapped onto the electroweak
one. Attention must be paid to the way in which the electroweak symmetry is embedded
into the global symmetries of the underlying technicolor theory. We analyzed the EWPT,
at the effective Lagrangian level, for MWT in [66] while an interesting analysis dedicated
to earlier models of technicolor has been performed in [67].
In this work, we investigate the EWPT in a new class of realistic and viable technicolor
models such as the UMT model. We will uncover an extremely rich finite temperature
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phase diagram.
We will use as a template the low energy effective theory developed in [26]. We start
in section II by summarizing the UMT model. In section III we highlight the degrees of
freedom relevant near the phase transition and the zero temperature effective Lagrangian.
In section IV we present the finite-temperature effective potential computed at the one-
loop order, including the resummation of ring diagrams. We set up the analysis in section
V and analyzes the results in VI. We briefly summarize the main point in the last section.
Several appendices are provided, which give details concerning our analytical results.
As a preliminary investigation we adopt the high-temperature expansion results for
the effective potential. We then explore the regions of the effective theory parameters
yielding first-order phase transitions and study their strength and interplay. The ratios
of the composite Higgses thermal expectation values at the critical temperatures divided
by the corresponding temperatures are determined as function of the parameters of the
low energy effective theory. We identify a region of parameter space where this ratio
is sufficiently large to induce electroweak baryogenesis. An extremely rich structure
emerges. For example, we observe (depending on the parameters) the existence of extra
electroweak phase transitions [69] emerging at different values of the temperature. We
also consider the possibility of having simultaneous phase transitions of the various global
symmetries related to the new strong dynamics. We find regions of the effective Lagranian
parameters allowing for a sufficiently strong first-order electroweak phase transition able
to support electroweak baryogenesis.
II. THE MODEL
The model proposed in [26] consists of an SU(2) gauge group with two Dirac fermions
belonging to the fundamental representation and two Weyl fermions belonging to the
adjoint representation. In order not to be in conflict with the Electroweak Precision Tests
only the fundamental fermions are charged under the electroweak symmetry. They are
arranged into electroweak doublets in the standard way and may be written as
TL =
 UD

L
, UR , DR . (3)
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The adjoint fermions needed to render the theory near conformal are denoted as λ f with
f = 1, 2. The global symmetries of the theory are most appropriately handled by first
arranging the fundamental fermions into a quadruplet of SU(4)
Q =

UL
DL
−iσ2U∗R
−iσ2D∗R

. (4)
Since the fermions belong to pseudo-real and real representations of the gauge group
the global symmetry of the theory is enhanced and can be summarized as
SU(4) SU(2) U(1)
Q 1 −1
λ 1 12
(5)
The abelian symmetry is anomaly free. The global symmetry group G = SU(4) ×
SU(2) × U(1) breaks to H = Sp(4) × SO(2) × Z2. The stability group H is dictated by
the (pseudo)reality of the fermion representations and the breaking is triggered by the
formation of the following two condensates
〈Qα,cF Qβ,c
′
F′ αβcc′E
FF′
4 〉 = −2〈URUL + DRDL〉 (6)
〈λα,kf λβ,k
′
f ′ αβδkk′E
f f ′
2 〉 = −2〈λ1λ2〉 (7)
where
E4 =
 02×2 12×2−12×2 02×2
 , E2 =
 0 11 0
 (8)
The flavor indices are denoted with F,F′ = 1, . . . , 4 and f , f ′ = 1, 2, the spinor indices as
α, β = 1, 2 and the color indices as c, c′ = 1, 2 and k, k′ = 1, . . . , 3. Also the notation is
such that UαLU
∗β
R αβ = −URUL and λ1,αλ2,βαβ = λ1λ2. Under the U(1) symmetry Q and λ
transform as
Q→ e−iαQ , and λ→ e−i α2λ , (9)
and the two condensates are simultaneously invariant if
α = 2kpi , with k an integer . (10)
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Only the λ fields will transform nontrivially under the remaining Z2, i.e. λ→ −λ.
In principle this extension suffers a vacuum alignment problem [85] due to the fact
that the electroweak sector would tend to destabilize the chosen vacuum direction. This
would be true in absence of new interactions needed to, for example, provide mass to
some of the unwanted Goldstone bosons. In fact, the first operator in Eq. (27) needed to
give mass to one of these Goldstones naturally re-aligns the vacuum. A recent analysis of
the vacuum alignment effects in walking technicolor theories such as MWT can be found
in [62].
III. LOW ENERGY SPECTRUM
We shall only consider the effect of the composite scalar mesons which are expected to
be the lightest particles in the theory. Their masses have the strongest dependence on the
vacuum expectations values of the Higgs fields.
The relevant degrees of freedom are efficiently collected in two distinct matrices, M4
and M2, which transform as M4 → g4M4gT4 and M2 → g2M2gT2 with g4 ∈ SU(4) and
g2 ∈ SU(2). Both M4 and M2 consist of a composite iso-scalar and its pseudoscalar partner
together with the Goldstone bosons and their scalar partners
M4 =
[
σ4 + iΘ4
2
+
√
2
(
iΠi4 + Π˜
i
4
)
Xi4
]
E4 , i = 1, . . . , 5 , (11)
M2 =
[
σ2 + iΘ2√
2
+
√
2
(
iΠi2 + Π˜
i
2
)
Xi2
]
E2 , i = 1, 2 . (12)
The notation is such that X4 and X2 are the broken generators of SU(4) and SU(2)
respectively. An explicit realization can be found in Appendix A. Also σ4 and Θ4 are the
composite Higgs and its pseudoscalar partner while Πi4 and Π˜
i
4 are the Goldstone bosons
and their associated scalar partners. For SU(2) one simply substitutes the index 4 with
the index 2.
Having included the Θ and Π˜i states one should note that the matrices are actually
form invariant under U(4) and U(2) with the abelian parts being broken by anomalies.
With the above normalization of the M matrices the kinetic term of each component field
is canonically normalized.
The relation – which can be found in Appendix B – between the composite scalars and
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the underlying degrees of freedom can be found by noting that M4 and M2 transform as
MFF
′
4 ∼ QFQF′ , M f f
′
2 ∼ λ fλ f
′
(13)
where both color and spin indices have been contracted.
To describe the interaction with the weak gauge bosons we embed the electroweak
gauge group in SU(4) as done in [33]. First we note that the following generators
La =
Sa4 + X
a
4√
2
=
 τ
a
2
0
 , Ra = XaT4 − SaT4√2 =
 0 τa
2
 (14)
with a = 1, 2, 3 span an SU(2)L × SU(2)R subalgebra. By gauging SU(2)L and the third
generator of SU(2)R we obtain the electroweak gauge group where the hypercharge is
Y = −R3. Then as SU(4) breaks to Sp(4) the electroweak gauge group breaks to the
electromagnetic one with the electric charge given by Q =
√
2S3.
Due to the choice of the electroweak embedding the weak interactions explicitly reduce
theSU(4) symmetry toSU(2)L×U(1)Y×U(1)TB which is further broken toU(1)em×U(1)TB via
the technicolor interactions. U(1)TB is the technibaryon number related to the fundamental
fermions and its generator corresponds to the S44 diagonal generator (Appendix A). The
remaining SU(2)×U(1) spontaneously breaks, via the extra technifermion condensates, to
SO(2)×Z2. Here SO(2)  U(1) is the technibaryon number related to the adjoint fermions.
With the above discussion of the electroweak embedding the covariant derivative for
M4 is
DµM4 = ∂µM4 − i
[
GµM4 + M4GTµ
]
, Gµ =
 gWaµ τ
a
2 0
0 −g′Bµ τ32
 . (15)
We are now in a position to write down the effective Lagrangian. It contains the kinetic
terms and a potential term
L = 1
2
Tr
[
DµM4DµM†4
]
+
1
2
Tr
[
∂µM2∂µM†2
]
−V (M4,M2) , (16)
where the potential is
V (M4,M2) = −
m24
2
Tr
[
M4M†4
]
+
λ4
4
Tr
[
M4M†4
]2
+ λ′4Tr
[
M4M†4M4M
†
4
]
−m
2
2
2
Tr
[
M2M†2
]
+
λ2
4
Tr
[
M2M†2
]2
+ λ′2Tr
[
M2M†2M2M
†
2
]
(17)
+
δ
2
Tr
[
M4M†4
]
Tr
[
M2M†2
]
+ 4δ′
[
(detM2)
2 Pf M4 + h.c.
]
.
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Once M4 and M2 each develop a vacuum expectation value the electroweak symmetry
breaks and three of the eight Goldstone bosons - Π0, Π+ and Π− - will be eaten by
the massive gauge bosons. In terms of the parameters of the theory the vacuum states
〈σ4〉 = v4 and 〈σ2〉 = v2 which minimize the potential are a solution of the two coupled
equations
0 = −m24 −
(
δ′v22 − δ
)
v22 +
(
λ4 + λ
′
4
)
v24 , (18)
0 = −m22 −
(
2δ′v22 − δ
)
v24 +
(
λ2 + 2λ′2
)
v22 . (19)
Expanding around the symmetry breaking vacua all of the Goldstone bosons scalar
partners are seen to be mass eigenstates with masses
M2
Π˜0
= M2
Π˜± = M
2
Π˜UD
= 2
(
λ′4v
2
4 + δ
′v42
)
, M2
Π˜λλ
= 4v22
(
λ′2 + δ
′v24
)
, (20)
while the Goldstone bosons which are not eaten by the massive gauge bosons of course
have vanishing mass M2ΠUD = M
2
Πλλ
= 0. Here the vacuum expectation values v4 and v2 are
solutions to Eq. (18) and (19). Due to the presence of the determinant/Pfaffian term in the
potential the remaining states are not mass eigenstates. Specifically H4 and H2 and their
associated pseudoscalar partners will mix. In the diagonal basis we find the following
mass eigenstates
Θ ≡ sin(α) Θ4 + cos(α) Θ2 , M2Θ = 0 ,
Θ˜ ≡ cos(α) Θ4 − sin(α) Θ2 , M2Θ˜ = 2δ′v22
(
v22 + 4v
2
4
)
,
H− ≡ sin(β) H4 + cos(β) H2 , M2H− = m22 + m24 + k− ,
H+ ≡ cos(β) H4 − sin(β) H2 , M2H+ = m22 + m24 + k+ ,
(21)
with
tan(2α) =
4v4v2
v22 − 4v24
, tan(2β) =
2v2v4
(
2δ′v22 − δ
)
m22 −m24 − δv24 −
(
δ′v22 − δ
)
v22
, (22)
k± =
(
δ′v22 − δ
)
v22 − δv24 ±
[(
m24 −m22 +
(
δ′v22 − δ
)
v22 + δv
2
4
)2
+
(
2v2v4
(
δ′v22 − δ
))2] 12
(23)
Note that we have one massless state Θ which we identify with the originalU(1) Goldstone
boson while Θ˜ is massive. In the limit δ′ → 0 both states are massless and at the classical
level the global symmetry is enhanced to U(4) ×U(2).
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For the model to be phenomenologically viable some of the Goldstones must acquire a
mass. Here we parameterize the ETC interactions by adding at the effective Lagrangian
level the operators needed to give the unwanted Goldstone bosons an explicit mass term.
The effective ETC Lagrangian breaks the global SU(4) × SU(2) × U(1) symmetry. The
SU(4) generator commuting with the SU(2)L × SU(2)R generators is B4 = 2
√
2S44. To
construct, at the effective Lagrangian level, the required ETC terms we find it useful to
split M4 (M2) – form invariant under U(4) (U(2)) – as follows:
M4 = M˜4 + iP4 , and M2 = M˜2 + iP2 , (24)
with
M˜4 =
[
σ4
2
+ i
√
2Πi4X
i
4
]
E4 , P4 =
[
Θ4
2
− i√2Π˜i4Xi4
]
E4 , i = 1, . . . , 5 , (25)
M˜2 =
[
σ2√
2
+ i
√
2Πi2X
i
2
]
E2 , P2 =
[
Θ2√
2
− i√2Π˜i2Xi2
]
E2 , i = 1, 2 . (26)
M˜4 (M˜2) as well as P4 (P2) are separately SU(4) (SU(2)) form invariant. A set of operators
able to give masses to the electroweak neutral Goldstone bosons is:
LETC =
m24,ETC
4
Tr
[
M˜4B4M˜†4B4 + M˜4M˜
†
4
]
+
m22,ETC
4
Tr
[
M˜2B2M˜†2B2 + M˜2M˜
†
2
]
−m21,ETC
[
Pf P4 + Pf P†4
]
− m
2
1,ETC
2
[
det(P2) + det(P†2)
]
, (27)
where B2 = 2S12. The spectrum is:
M2ΠUD = m
2
4,ETC , M
2
Πλλ
= m22,ETC , M
2
Θ = m
2
1,ETC , (28)
for the Goldstone bosons that are not eaten by the massive vector bosons and:
M2
Π˜UD
= M2
Π˜0
= M2
Π˜± = 2
(
λ′4v
2
4 + δ
′v42
)
+ m21,ETC , (29)
M2
Π˜λλ
= 4v22
(
λ′2 + δ
′v24
)
+ m21,ETC , (30)
M2
Θ˜
= 2δ′v22
(
v22 + 4v
2
4
)
+ m21,ETC , (31)
for the pseudoscalar and scalar partners. The masses of the two Higgs particles H+ and
H− are unaffected by the addition of the ETC low energy operators.
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IV. EFFECTIVE POTENTIAL
We shall construct the one-loop finite-temperature effective potential for two different
cases:
i) UMT without EW, only the strong dynamics described by (16) without coupling to
the SM and ETC interactions;
ii) UMT with EW, including electroweak gauge bosons, the top quark, and the ETC
term (27) of the effective Lagrangian.
Let us start by reviewing the formalism for the effective potential in general. It is obtained
by adding to the tree level potential V(0) the one-loop correction V(1)
V(σ4, σ2,T) = V(0)(σ4, σ2) + V
(1)
T=0(σ4, σ2) + V
(1)
T (σ4, σ2,T) . (32)
For brevity, we denote by σi the expectation values of the Higgs fields (as well as the
fields themselves) that characterize the two techniquark condensates. The standard zero-
temperature one loop contribution to the potential reads:
V(1)T=0 =
1
64pi2
∑
i
n¯i fi(Mi(σ4, σ2)) , (33)
where the index i runs over all of the mass eigenstates and n¯i is the multiplicity factor for
a given scalar particle nb while for Dirac fermions it is −4 times the multiplicity factor of
the specific fermion n f . The function fi is:
fi = M4i (σ4, σ2)
[
log
M2i (σ4, σ2)
M2i (v4, v2)
− 3
2
]
+ 2M2i (σ4, σ2)M
2
i (v4, v2) , (34)
where M2i (σ4, σ2) is the background dependent mass term of the i-th particle.
The one-loop, ring-improved, correction can be divided into fermionic, scalar and
vector contributions,
V(1)T = V
(1)
T f + V
(1)
T b + V
(1)
T gauge . (35)
The high temperature expansion of the fermionic contribution reads:
V(1)T f = 2
T2
24
∑
f
n fM2f (σ4, σ2) +
1
16pi2
∑
f
n fM4f (σ4, σ2)
log M2f (σ4, σ2)T2 − c f

−2
∑
f
n fM2f (σ4, σ2)T
2
∞∑
l=2
−M2f (σ4, σ2)4pi2T2

l
(2l − 3)!!ζ(2l − 1)
(2l)!!(l + 1)
(
22l−1 − 1
)
(36)
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where c f ' 2.63505. For the scalar part of the thermal potential one must resum the
contribution of the ring diagrams. Following Arnold and Espinosa [14] we write
V(1)T b =
T2
24
∑
b
nbM2b(σ4, σ2) −
T
12pi
∑
b
nbM3b(σ4, σ2,T)
− 1
64pi2
∑
b
nbM4b(σ4, σ2)
[
log
M2b(σ4, σ2)
T2
− cb
]
+
∑
b
nb
M2b(σ4, σ2)T
2
2
∞∑
l=2
(−M2b(σ4, σ2)
4pi2T2
)l
(2l − 3)!!ζ(2l − 1)
(2l)!!(l + 1)
(37)
where cb ' 5.40762 and Mb(σ4, σ2,T) the thermal mass which follows from the tree-level
plus one-loop thermal contribution to the potential. For the gauge bosons,
V(1)T gauge =
T2
24
∑
gb
3M2gb(σ4, σ2) −
T
12pi
∑
gb
[
2M3T,gb(σ4, σ2) + M
3
L,gb(σ4, σ2,T)
]
− 1
64pi2
∑
gb
M4gb(σ4, σ2)
log M2gb(σ4, σ2)T2 − cb

+
∑
gb
M2gb(σ4, σ2)T
2
2
∞∑
l=2
−M2gb(σ4, σ2)4pi2T2

l
(2l − 3)!!ζ(2l − 1)
(2l)!!(l + 1)
. (38)
Here MT,gb (ML,gb ) is the transverse (longitudinal) mass of a given gauge boson and we
have MT,gb(σ4, σ2) = ML,gb(σ4, σ2,T = 0) = Mgb(σ4, σ2).
A. Effective potential in UMT: without EW
Let us now discuss how the different terms of the effective potential appear in UMT.
We shall start with the case without electroweak interactions. By using (16) we find for
the tree level potential
V(0) =
1
4
(
λ4 + λ
′
4
) (
σ24 − v24
)2
+
1
4
(
λ2 + 2λ′2 − 2v24δ′
) (
σ22 − v22
)2
+
1
2
(
δ − 2v22δ′
) (
σ24 − v24
) (
σ22 − v22
)
− 1
2
δ′
(
σ24 − v24
) (
σ22 − v22
)2
, (39)
where we have added a constant term. It is clear that at very large values of the fields the
potential is unstable for a positive value of δ′. This is needed to provide a positive mass
squared term for the Θ˜ particle. However this is not a problem since the potential is valid
only below the TeV scale where the minimum is present. In fact, for reasonable values of
the Θ˜ mass the value of δ′ is extremely small.
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In the temperature-independent one-loop correction (33) we sum over all scalar states
of the effective Lagrangian except the Goldstone bosons and the Θ particle [101]. Our
prescription would lead to infrared divergences in the ’t Hooft-Landau gauge for these
contributions, when evaluated at the tree-level VEV, due to the vanishing of the masses.
A simple approach is to neglect the massless states here, since their effect on the phase
transition is small. The background dependent scalar masses are those of Appendix B.
Given that we are not discussing the electroweak physics in this subsection we set mi,ETC
to zero.
For the temperature dependent scalar contribution V(1)T b we keep terms up to and
including l = 4, i.e.,O (1/T6). The background dependent masses are given in Appendix B,
and the temperature-dependent masses are obtained from the expressions of Appendix C
by setting mtop = g = g′ = 0. There are no fermion nor gauge boson contributions when
the electroweak effects are excluded.
B. Effective potential in UMT: with EW
Here we add the effects of the electroweak gauge bosons, the ETC operators and the
top quark mass operator. The addition of ETC terms and the EW gauge bosons affect the
phase transitions weakly. The main difference between this scenario and the previous
one is due to the top quark Yukawa coupling.
The tree level potential (39) remains unchanged. In the zero-temperature one-loop
correction we add the contribution of the gauge bosons, with nW = 6 and nZ = 3, and
the top quark with ntop = 3 (this amounts to −12 for the n¯Top) . Since the ETC terms
give mass to the Θ particles, we are now also able to add them without causing infrared
divergencies.
In the bosonic contributions in the temperature-dependent term V(1)T b we now use the
full expressions of Appendices B and C with nonzero ETC masses, top mass and the
electroweak couplings. In the fermionic part V(1)T f we include the top contribution with
ntop = 3 and Mtop(σ4) = mtopσ4/v4 where mtop is the physical zero-temperature mass.
We also add the electroweak gauge bosons in V(1)T gauge. Only the longitudinal gauge
bosons acquire a thermal mass squared at the leading order, O(g2T2). The transverse
bosons acquire instead a magnetic mass squared of order g4T2 which we have neglected.
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The explicit form of the transverse and longitudinal gauge boson mass matrix is given in
Appendix D. Similarly as for the scalars, for the top and the gauge bosons we include the
terms in the high temperature series up to l = 4.
V. ANALYSIS OF THE PHASE TRANSITION: SETUP
We will next perform a detailed study of the phase transition structure in UMT by using
the one-loop effective potential described above. We start by analyzing the parameter
space.
A. Parameter space
After fixing the electroweak scale v4 to 246 GeV, the effective scalar Lagrangian (16)
includes eight free parameters. In the “with EW” scenario one has in addition three free
mass parameters in the effective ETC Lagrangian (27), and also additional parameters of
the electroweak and SM sectors (g, g′ and the top mass). However, the depedence of the
phase transitions on the actual value of the ETC masses is relatively weak whence we
fix them at 150 GeV. The values of g, g′ and the top mass are fixed to their experimental
values. The remaining parameters of the with/without EW scenarios are the same.
These parameters can be chosen to be v2, the Higgs mixing angle β, and the zero
temperature scalar masses. It is convenient to define:
(
∆MΠ4
)2 ≡ M2
Π˜UD
−m21,ETC = 2
(
λ′4v
2
4 + δ
′v42
)
,(
∆MΠ2
)2 ≡ M2
Π˜λλ
−m21,ETC = 4
(
λ′2v
2
2 + δ
′v22v
2
4
)
,
(∆MΘ)
2 ≡ M2
Θ˜
−m21,ETC = 2δ′v22
(
v22 + 4v
2
4
)
. (40)
In this way we factor out the dynamical contribution to the masses ∝ ∆M which is due
to v2 and v4. Their effect on the nature of the phase transitions is much larger than that
of the “hard” ETC masses. Note that we have dropped the tilde on the symbols on the ∆
definition to make the notation lighter, however we stress that these mass differences do
not refer to the Goldstones but to their scalar partners.
Our convention for the Higgs masses MH± and β is such that the Higgs mass matrix
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reads (
∂2V(0)
∂σi∂σ j
)∣∣∣∣∣∣
σi=vi
=
 M2H+ cos2 β + M2H− sin2 β cos β sin β
(
M2H+ −M2H−
)
cos β sin β
(
M2H+ −M2H−
)
M2H− cos
2 β + M2H+ sin
2 β
 (41)
where the first (second) row and column correspond to derivatives wrt. σ4 (σ2). One can
restrict MH+ > MH− and β = −pi/2 . . . pi/2, or equivalently β = −pi/4 . . . pi/4 if the order of
the Higgs masses is not fixed. ForMH+ >MH− this convention coincides with the formulae
given above in (21). Note that for β = 0 the decoupled Higgs masses MH4,2 of the SU(4)
and SU(2) sectors are given by MH4 = MH+ and MH2 = MH− , respectively, while for β = pi/2
the order is reversed.
The Higgs massesMH± , and the Higgs mixing angle β are the most relevant parameters.
Also the Π˜ masses ∆MΠ4,2 , the zero-temperature vacuum v2, and ∆MΘ, or the δ
′ coefficient
of the term in the Lagrangian which is reponsible for the breaking of the anomalous U(1)
symmetry, affect the transitions rather strongly.
Since the parameter space of the theory is vast we have to make choices for reference
values of the various parameters. We mainly plot quantities as functions of the Higgs
masses. As we do not fix the order of the Higgs masses MH+ and MH− the possible values
of the Higgs mixing angle β can be taken to lie in between −pi/4 and pi/4. We choose as
reference values β = −0.6, 0, and +0.6. The value of v2 is expected to lie close to v4, which is
fixed to the electroweak scale 246 GeV, since both arise from the same strongly interacting
theory. We will be mostly using reference values from v2 = 250 GeV to v2 = 350 GeV. For
∆MΘ ∝ δ′ we use 0 and 200 GeV. As mentioned above, the former case (δ′ = 0) is special
(but unnatural) since the chiral symmetry of the theory is enhanced to U(4) ×U(2). Then
neither of the Θ particles receives a dynamical mass.
In the following we mean by a “σi transition” a transition where the chiral condensate
σi (with either i = 4 or i = 2) changes from a nonzero value to zero when increasing the
temperature. We assume that a first order phase transition takes place when the broken
and symmetric phase vacua are exactly degenerate, which defines the critical temperature
Tc,i and the critical (broken phase) value of the condensate σc,i. Since the barriers between
the vacua will be low wrt. the electroweak scale in all the cases which we shall study, this
should be a good approximation.
It is instructive to first consider the (unrealistic) case where the two phase transitions
are decoupled, i.e., β = 0 and δ′ ∝ ∆MΘ = 0.
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FIG. 1: The strength of the σ4 phase transition (σ4,c/T4,c) in the MH4-∆MΠ4 plane, without EW
interactions (left) and with EW interactions (right). The contours are at σ/T = 0.125, 0.25, 0.5, 0.75,
1, 1.25, 1.5, and 1.75 from lighter to darker shades.
B. Decoupled transitions
When β = 0 and ∆MΘ = 0 the phase transitions of the chiral condensates σ4 and σ2
take place independently. Then the nature of the σ4-transition only depends on the Higgs
mass MH4 = MH+ and on ∆MΠ4 . In Fig. 1 we plot the strength σc,4/Tc,4 for the “without
EW” (left) and “with EW” (right) scenarios. The difference between the plots is mainly
due to the top Yukawa coupling, which makes the transition stronger in particular for
∆MΠ4 > 300 GeV. Recall that electroweak baryogenesis requires σ4,c/T4,c & 1. We see that
first order phase transitions are possible, but the transition is mostly rather weak, i.e.,
σ/T . 1 except for a rather small region of parameter space with light Higgs.
Similarly, the σ2-transition depends on MH2 and ∆MΠ2 , but also on v2. Notice that since
the electroweak gauge fields only couple to the sector 4, the transition 2 is independent
of the electroweak physics and hence similar in the with/without EW scenarios. In Fig. 2
we plot the strengths σ2,c/T2,c of the phase transitions in the MH2-∆MΠ2 plane for various
values of v2 without including EW interactions. With increasing v2 the phase transition
gets stronger, and the region of maximal σ/T moves to higher ∆MΠ2 . In the dark gray
region near the top right corner of the plots the critical temperature is too low to determine
σ/T reliably when the high temperature expansion is used. In the white region there is
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FIG. 2: The strength of the σ2 phase transition (σ2,c/T2,c) in the MH2-∆MΠ2 plane, without EW
interactions, and for v2 = 250 . . . 350 GeV as indicated in the labels. The contours are at σ/T = 0.125,
0.25, 0.5, 0.75, . . . , 2.5 from lighter to darker shades.
either a second order phase transition or no phase transition takes place at all.
We have also checked the dependence of the phase transitions on the ETC mass scale.
With increasing the ETC mass scale, both the transitions are slightly weakened.
The qualitative behavior of the phase transition strengths is very similar to that of
MWT [66] which has the chiral symmetry breaking pattern of SU(4)→ SO(4) and to that
of the two Higgs doublet models [86]. This is understandable since the origin of the
first order transitions is the same: with light Higgs the tree level potential is flat, and
the one-loop contributions from relatively heavy other scalars (here the Π˜’s) can make
the symmetric and broken phase vacua almost degenerate even at T = 0. Then the (one-
loop) temperature-dependent corrections favor the symmetric vacuum already at low
temperatures, and the phase transition is strongly first order.
Notice that the phase transition for theSU(4)→ Sp(4) chiral symmetry breaking pattern
of Fig. 1 is considerably weaker than what was observed in MWT for large Θ masses.
A strongly σ4 dependent Θ4 mass that would lead to a stronger phase transition cannot
be achieved within UMT. This would require the presence of an “anomalous” determinant
term ∝Pf[M4]2 which is forbidden by the anomaly free U(1) symmetry of UMT.
The analogous term ∝ δ′Pf[M4] in the UMT Lagrangian does not yield the desired σ4
dependence of the Θ4 mass, but rather a “hard” mass term where essentially M2Θ4 ∝ σ22.
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FIG. 3: Left: the strength of theσ4 phase transition (σ4,c/T4,c) in theMH−-βplane, with ∆MΘ = 0 GeV.
Right: σ4,c/T4,c in the MH−-∆MΘ plane, with β = 0. Other parameter values are MH+ = 150 GeV =
∆MΠ2 , ∆MΠ4 = 350 GeV, v2 = 300 GeV and also mi,ETC = 150 GeV. The contours are at σ/T = 0.125,
0.25, 0.5, and 0.75 from lighter to darker shades.
VI. RESULTS
We will now start investigating the effects of the coupling among the two phase tran-
sitions. For nonzero β and ∆M2
Θ
a variety of different phase transition structures are
possible as we have suggested in [69]. Both the transitions can be independently first or
second order transitions, and the relative ordering of their critical temperatures must be
assessed. In addition, as we shall see, more complicated structures can appear, mostly
when both the transitions are first order and their critical temperatures are close to each
other. A similar phenomenon was observed in [96, 97, 98]. We shall first consider the
case where only the strong technicolor interactions are considered, without coupling to
the SM.
A. Without EW
A relevant question which we wish to address is if the coupling between the two
sectors can induce stronger phase transitions. Let us first consider a simple case where a
first order σ4 transition is coupled with a mostly second order σ2 transition, which is the
case for ∆MΠ2 . GeV. By using Fig. 1, we choose a reference point of MH+ = 150 GeV and
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FIG. 4: Maps of the phase transition behavior when the Higgs masses are varied in the “without
EW” scanario for various values of β and ∆MΘ as indicated in the labels. We fixed ∆MΠ4 = 250 GeV,
∆MΠ2 = 500 GeV, and v2 = 300 GeV. The black (green) joined and dotted curves denote where
the σ4 (σ2) transition changes from first to second order and where the transition disappears,
respectively. The dashed curves indicate a change in the order of the critical temperatures. For
the meaning of labels see text and Fig. 5.
∆MΠ4 = 350 GeV where the σ4 transition is strongly first order. We also set ∆MΠ2 and use
v2 = 300 GeV. Fig. 3 shows the dependence of the phase transition strength σ4,c/T4,c on the
Higgs mixing angle β and on ∆MΘ with varying MH− . We see that for nonzero β and ∆MΘ
the phase transition is weakened at least as long as ∆MΘ > 0.
Let us then go on with the more interesting and complicated case of coupling two
first order transitions. We choose reference values ∆MΠ4 = 250 GeV, ∆MΠ2 = 500 GeV,
and, v2 = 300 GeV, for which both phase transitions are first order for a wide range of
Higgs masses (see Figs. 1 and 2). We start by mapping the qualitative behavior of the
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FIG. 5: The behavior of the condensates as a function of temperature for a set of parameter values
which are maked with crosses in the maps of Fig.4. The temperature (note logarithmic scale) and
both the condensates σ4 (joined blue line) and σ2 (dashed red line) are given in GeV.
transitions for different values of β and ∆MΘ as the Higgs masses are varied in Fig. 4. The
mostly vertical joined (black) curves indicate the change of the σ4 transition from first to
second order (with increasing MH+). Also very weak σ4,c/T4,c < 0.1 first order transitions
are counted as second order ones in the plots. Similarly the mostly horizontal joined
(green) curves indicate where the same change occurs for the σ2 transition. The dotted
vertical black (horizontal green) curves show where the σ4 (σ2) transition ceases to exist,
with increasing MH+ . The additional dashed (red and blue) curves represent a change in
the order of the critical temperatures. The meaning of the labels I-VI is as follows:
I both transitions first order
II a second order σ4 transition and a first order σ2 transition
III a first order σ4 transition and a second order σ2 transition
IV both transitions second order
V simultaneous (first order) transition of both condensates
VI a “bounce back” of the σ4 condensate at the (first order) σ2 transition
The lower index in the labels, 4 or 2, refers to the transition that has a lower critical
temperature. Examples are shown in Fig. 5. We did not label any regions which are small
20
150 200 250 300
150
200
250
300
350
MH+HGeVL
M
H
-
HG
eV
L
Β = -0.6 DMQ = 0 GeV
0.125
0.25
0.5
0.75
150 200 250 300
150
200
250
300
350
MH+HGeVL
M
H
-
HG
eV
L
Β = 0.6 DMQ = 0 GeV
150 200 250 300
150
200
250
300
350
MH+HGeVL
M
H
-
HG
eV
L
Β = -0.6 DMQ = 200. GeV
150 200 250 300
150
200
250
300
350
MH+HGeVL
M
H
-
HG
eV
L
Β = 0.6 DMQ = 200. GeV
150 200 250 300
150
200
250
300
350
MH+HGeVL
M
H
-
HG
eV
L
Β = -0.6 DMQ = 0 GeV
0.125
0.25
0.5
0.75
1.0
1.25
1.5
1.75
150 200 250 300
150
200
250
300
350
MH+HGeVL
M
H
-
HG
eV
L
Β = 0.6 DMQ = 0 GeV
150 200 250 300
150
200
250
300
350
MH+HGeVL
M
H
-
HG
eV
L
Β = -0.6 DMQ = 200. GeV
150 200 250 300
150
200
250
300
350
MH+HGeVL
M
H
-
HG
eV
L
Β = 0.6 DMQ = 200. GeV
FIG. 6: The ratios σ4,c/T4,c (top row) and σ2,c/T2,c (bottom row) as functions of the Higgs masses in
the “without EW” scenario. We use ∆MΘ = 0, 200 GeV and β = −0.6, 0.6 as indicated in the labels
and otherwise the parameters of Fig. 4 (∆MΠ4 = 250 GeV, ∆MΠ2 = 500 GeV, and v2 = 300 GeV).
or where either of the phase transitions is absent. Notice that in the regions V and VI the
order of the critical temperatures is not defined. Thus they are surrounded by the red and
blue joined curves, which are the borders of the regions where T4,c > T2,c and T4,c < T2,c,
respectively, and the order is well defined. These cases will be discussed in detail below.
Notice that in the β = 0 = ∆MΘ plots the lines which denote changes in the behavior
of the σ4 (σ2) transition are exactly vertical (horizontal). This is a sign of decoupling of
the transitions. From (41) we also see that the Higgs mass matrix is independent of β if
MH+ = MH− . This is reflected in Fig. 4 as the maps for different values of β coincide on the
MH+ = MH− line.
As seen from Fig. 5, the critical temperatures are larger or approximately equal to the
electroweak scale. Thus the ratios σ/T are at most of the order one, and very strong
transitions are not expected. This is seen explicitly from the plots of Fig. 6, which show
the strengths σ/T for the parameter values of Fig. 4. We chose the parameter values such
that the plots are in one to one correspondence with Fig. 7, except that we excluded the
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FIG. 7: The same as Fig. 4 (∆MΠ4 = 250 GeV, ∆MΠ2 = 500 GeV, and v2 = 300 GeV) but with EW
interactions switched on.
β = 0 plots where coupling effects are small. In particular, σ4,c/T4,c remains small even
when the first order transitions are coupled. The values of σ/T slightly increase if larger
values of ∆MΠ2 and ∆MΠ4 are chosen.
B. With EW
Let us then discuss the effects of electroweak physics. First, when either of the transi-
tions is second order, we see similar behavior as in the “without EW” scenario: mixing
typically weakens the transitions. That is why we start directly by studying the coupling
of two first order transitions. Fig. 7 presents the maps of the phase transition behavior ex-
actly for the same parameter values as Fig. 4, but now with EW interactions switched on.
As mentioned above, the difference between Figs. 4 and 7 is dominated by the inclusion of
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FIG. 8: The same as Figs. 4, and 7 but for different parameter values. We use the “with EW”
scenario with ∆MΠ4 = 300 GeV, ∆MΠ2 = 550 GeV and v2 = 350 GeV.
the top quark. The temperature dependent one-loop term is significantly enhanced when
the top is included reducing the critical temperature and allowing for a heavier composite
Higgs. Thus the interesting mixing effects (regions V and VI) take place at much higher
Higgs mass MH+ in the “with EW” scenario.
In particular, the parameters of Figs. 4 and 7 were chosen to have strong transitions
and coupling effects in the “without EW” scenario. This is why we also present the maps
with EW interactions but for a different parameter setting in Fig. 8.
C. Simultaneous and extra phase transitions
Let us discuss the physics related to the regions V and VI. Recall that in the region
V the two phase transitions take place simultaneously whereas in VI there is a bounce
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back of the condensate σ4 at the σ2 transition. It is also possible to have the condensate σ2
bouncing back at the σ4 transition, but this does not take place in the parameter space of
Figs. 4, 7 and 8.
As pointed out in [69], regions V and VI appear naturally when two first order transi-
tions are coupled. The main requirement is that the critical temperatures of the transitions
lie close to each other and that they coincide for some values of the input parameters when
the transitions are decoupled. When the coupling between the two Higgses is turned on
one is bound to see either a simultaneous transition or several phase transitions as a
function of temperature, as in region VI. In the case of UMT one can specify quantita-
tively which parts of the parameter space include regions V and which include VI. First,
notice from Figs. 4, 7 and 8 that these phenomenona are mostly driven by the nonzero
values of β: in the β = 0, ∆MΘ = 200 GeV plots coupling effects are small. The relevant
quantity is the nondiagonal element in the Higgs mass matrix (41) which is given by
1/2 sin(2β)(M2H+ −M2H−) and thus independent of ∆MΘ. Notice that it is directly related to
the shape of the tree level potential (39) by
1
2
sin(2β)(M2H+ −M2H−) = 2
(
δ − 2v22δ′
)
. (42)
When the nondiagonal element is positive (negative), region VI (V) appears as a result of
mixing. Hence the VI (V) regions lie above (below) the MH+ = MH− line in the β = −0.6
plots and vice versa for β = +0.6. This statement is exact for ∆MΘ = 0 but also appears to
be a fairly good approximation for ∆MΘ = 200 GeV. The fact that (42) vanshes for β = 0
and for MH+ = MH− is in agreement with the earlier observation that (for ∆MΘ = 0) the
β , 0 plots coincide with the β = 0 plot on the line of equal Higgs masses where the phase
transitions are thus decoupled.
In Fig. 9 we present the behavior of the ratios σc/Tc for the β , 0 plots of Fig. 8. In
general, σ4,c/T4,c shows similar behavior as above in the low ∆MΠ2 region of Fig. 3: it is
mainly reduced for nonzero β. However, in the region of simultaneous transitions (V in
Fig. 8) σ4,c/T4,c is significantly and σ2,c/T2,c somewhat enhanced. Similar behavior is in
fact seen also in the “without EW” plots of Fig. 6. Notice that the actual region V may be
larger than in the plots if one of the phase transitions triggers the other. We also see that
the σ4 transition is weak in the regions VI.
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FIG. 9: The ratios σ4,c/T4,c (top row) and σ2,c/T2,c (bottom row) as functions of the Higgs masses
in the “with EW” scenario. We use ∆MΘ = 0, 200 GeV and β = −0.6, 0.6 as indicated in the labels
and otherwise the parameters of Fig. 8 (∆MΠ4 = 300 GeV, ∆MΠ2 = 550 GeV and v2 = 350 GeV).
VII. CONCLUSION
We uncovered the phase diagram as function of the temperature associated with the
low energy effective theory possessing the same global symmetries of the UMT extension
of the SM. We discovered a very rich structure ranging from the occurrence of extra
electroweak phase transitions [69] appearing at different values of the temperature to
the possibility of having simultaneous phase transitions. We find a region of parameters
of the effective Lagrangian which allows for a sufficiently strong electroweak first order
phase transition of interest for the electroweak baryogenesis problem. We note that
having different sectors the model exhibits several phase transitions. Given that gravity
couples to all the sectors we expect that all the sufficiently strong phase transitions, also
the ones not directly related to the EWPT, are potential sources of gravitational waves.
If discovered, these gravitational waves could hint to a UMT-like structure behind a
dynamical breaking of the electroweak symmetry.
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APPENDIX A: SU(4) AND SU(2) GENERATORS
Here we construct the explicit realization of the generators of SU(4) and SU(2). We
denote the fifteen generators of SU(4) by Sa4 and X
i
4 with a = 1, . . . , 10 and i = 1, . . . , 5.
They can be represented as:
Sa4 =
 A BB† −AT
 , Xi4 =
 C DD† CT
 , (A1)
whereA is Hermitian,C is Hermitian and traceless,B is symmetric andD is antisymmetric.
The Sa4 obey the relation (S
a
4)
TE + ESa4 = 0 and are a representation of Sp(4). They are
explicitly given by:
Sa4 =
1
2
√
2
 τa 00 −τaT
 , a = 1, . . . , 4 (A2)
Sa4 =
1
2
√
2
 0 BaBa† 0
 , a = 5, . . . , 10 (A3)
where τ1,2,3 are the usual Pauli matrices, τ4 = 1 and:
B5 = 1 , B7 = τ3 , B9 = τ1 ,
B6 = i1 , B8 = iτ3 , B10 = iτ1 .
(A4)
The remaining five generators are explicitly given by:
Xi4 =
1
2
√
2
 τi 00 τiT
 , i = 1, . . . , 3 (A5)
Xi4 =
1
2
√
2
 0 DiDi† 0
 , i = 4, 5 (A6)
with:
D4 = τ2 , D5 = iτ2 . (A7)
The generators are normalized according to:
Tr
[
Sa4S
b
4
]
=
1
2
δab , Tr
[
Xi4X
j
4
]
=
1
2
δi j , Tr
[
Sa4X
i
4
]
= 0 . (A8)
The generators of SU(2) are similarly divided into the two that are broken Xi2 =
τi
2 , i =
1, 2 and the one that leaves the vacuum invariant S12 =
τ3
2 .
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APPENDIX B: ZERO-TEMPERATURE BACKGROUND-DEPENDENT SCALARMASSES
In terms of the underlying degrees of freedom the composite states transform as
v4 + H4 ≡ σ4 ∼ UU + DD , Θ4 ∼ i
(
Uγ5U + Dγ5D
)
,
Π0 ≡ Π34 ∼ i
(
Uγ5U −Dγ5D
)
, Π˜0 ≡ Π˜34 ∼ UU −DD ,
Π+ ≡ Π
1
4 − iΠ24√
2
∼ iDγ5U , Π˜+ ≡ Π˜14−iΠ˜24√
2
∼ DU ,
Π− ≡ Π14+iΠ24√
2
∼ iUγ5D , Π˜− ≡ Π˜14+iΠ˜24√
2
∼ UD ,
ΠUD ≡ Π
4
4+iΠ
5
4√
2
∼ UTCD , Π˜UD ≡ Π˜
4
4+iΠ˜
5
4√
2
∼ iUTCγ5D ,
ΠUD ≡ Π
4
4−iΠ54√
2
∼ UCDT , Π˜UD ≡ Π˜
4
4−iΠ˜54√
2
∼ iUCγ5DT ,
(B1)
and
v2 + H2 ≡ σ2 ∼ λDλD , Θ2 ∼ iλDγ5λD ,
Πλλ ≡ Π
1
2−iΠ22√
2
∼ λTDCλD , Π˜λλ ≡
Π˜12−iΠ˜22√
2
∼ iλTDCγ5λD ,
Πλλ ≡ Π
1
2+iΠ
2
2√
2
∼ λDCλTD , Π˜λλ ≡ Π˜
1
2+iΠ˜
2
2√
2
∼ iλDCγ5λTD ,
(B2)
Here U = (UL,UR)T, D = (DL,DR)T and λD = (λ1,−iσ2λ2∗)T. In terms of the charge
eigenstates the two matrices M4 and M2 can be written as
M4 =

0 −ΠUD−iΠ˜UD√
2
σ4+iΘ4+iΠ0+Π˜0
2
iΠ++Π˜+√
2
ΠUD−iΠ˜UD√
2
0 iΠ−+Π˜−√
2
σ4+iΘ4−iΠ0−Π˜0
2
−σ4+iΘ4+iΠ0+Π˜02 − iΠ−+Π˜−√2 0
ΠU¯D¯−iΠ˜U¯D¯√
2
− iΠ++Π˜+√
2
−σ4+iΘ4−iΠ0−Π˜02 −ΠU¯D¯−iΠ˜U¯D¯√2 0

, (B3)
M2 =
iΠλλ + Π˜λλ σ2+iΘ2√2σ2+iΘ2√
2
iΠλ¯λ¯ + Π˜λ¯λ¯
 . (B4)
The complete Lagrangian of the new Higgs sector including the scalar potential and the
ETC mass terms reads
L = 1
2
Tr
[
DµM4DµM†4
]
+
1
2
Tr
[
∂µM2∂µM†2
]
−m
2
4
2
Tr
[
M4M†4
]
+
λ4
4
Tr
[
M4M†4
]2
+ λ′4Tr
[
M4M†4M4M
†
4
]
− m
2
2
2
Tr
[
M2M†2
]
+
λ2
4
Tr
[
M2M†2
]2
+ λ′2Tr
[
M2M†2M2M
†
2
]
+
δ
2
Tr
[
M4M†4
]
Tr
[
M2M†2
]
(B5)
+4δ′
[
(detM2)
2 Pf M4 + h.c.
]
+
m24,ETC
4
Tr
[
M˜4B4M˜†4B4 + M˜4M˜
†
4
]
+
m22,ETC
4
Tr
[
M˜2B2M˜†2B2 + M˜2M˜
†
2
]
+ m21,ETC [Pf P4 + h.c.] −
m21,ETC
2
(detP2 + h.c.)
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Due to the presence of the determinant/Pfaffian terms the Higgs particles and their as-
sociated partners mix respectively. We find the following scalar mass squared eigenstates
M2H4/H2(σ4, σ2) =
1
2
[
−m24 −m22 +
(
δ + 3λ4 + 3λ′4
)
σ24 +
(
δ + 3λ2 + 6λ′2
)
σ22
−δ′
(
σ22 + 6σ
2
4
)
σ22 ±
√(
m24 −m22 +
(
δ − 3λ4 − 3λ′4
)
σ24
+
(
−δ + 3λ2 + 6λ′2
)
σ22 + δ
′
(
σ22 − 6σ24
)
σ22
)2
+ 16σ22σ
2
4
(
δ − 2δ′σ22
)2]
M2Θ4/Θ2(σ4, σ2) =
1
2
[
2m21,ETC −m24 −m22 +
(
δ + λ4 + λ
′
4
)
σ24 +
(
δ + λ2 + 2λ′2
)
σ22
+δ′
(
σ22 + 6σ
2
4
)
σ22 ±
√(
m24 −m22 +
(
−δ + λ2 + 2λ′2
)
σ22
+
(
δ − λ4 − λ′4
)
σ24 − δ′
(
σ22 − 6σ24
)
σ22
)2
+ 64δ′σ24σ
6
2
]
M2Π±0 (σ4, σ2) = −m
2
4 +
(
λ4 + λ
′
4
)
σ24 +
(
δ − δ′σ22
)
σ22
M2ΠUD(σ4, σ2) = −m24 +
(
λ4 + λ
′
4
)
σ24 +
(
δ − δ′σ22
)
σ22 + m
2
4,ETC
M2
Π˜±0
(σ4, σ2) = M2Π˜UD(σ4, σ2) = −m24 +
(
λ4 + 3λ′4
)
σ24 +
(
δ + δ′σ22
)
σ22 + m
2
1,ETC
M2Πλλ(σ4, σ2) = −m22 +
(
λ2 + 2λ′2
)
σ22 + δσ
2
4 − 2δ′σ24σ22 + m22,ETC
M2
Π˜λλ
(σ4, σ2) = −m22 +
(
λ2 + 6λ′2
)
σ22 + δσ
2
4 + 2δ
′σ24σ
2
2 + m
2
1,ETC . (B6)
The notation is such that MA/B denotes the mass of the state which is a linear combination
of A and B.
APPENDIX C: TEMPERATURE AND BACKGROUND DEPENDENT SCALARMASSES
The temperature-dependent scalar masses are found by first computing the one-loop
thermal correction V(1)T to the potential [14]. This should be done as a function of all
the scalar fields. Then by adding to the above zero-temperature scalar mass matrix the
thermal corrections
∂2
∂vi∂v j
V(1)T , (C1)
we obtain the effective thermal mass matrix. Here vi, i = 1, . . . , 18 denotes all the scalar
fields. Due to the presence of the top quark the thermal corrections mix the two Higgs par-
ticles with Π˜0 and similarly for their associated partners. Summarizing, the temperature
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and background dependent scalar masses squared are
M2H4/H2/Π˜0(σ4, σ2,T) =

k1 2σ2σ4
(
δ − 2δ′σ22
) m2topT2
2v24
2σ2σ4
(
δ − 2δ′σ22
)
k2 0
m2topT
2
2v24
0 k3

M2Θ4/Θ2/Π0(σ4, σ2,T) =

k˜1 4δ′σ4σ32
m2topT
2
2v24
4δ′σ4σ32 k˜2 0
m2topT
2
2v24
0 k˜3

M2Π±(σ4, σ2,T) = M
2
Π±(T = 0) +
T2
48
(
24δ + 56λ4 + 96λ′4 + 3g
′2 + 9g2
)
M2ΠUD(σ4, σ2,T) = M
2
ΠUD
(T = 0) +
T2
6
(
3δ + 7λ4 + 12λ′4
)
M2
Π˜±(σ4, σ2,T) = M
2
Π˜±(T = 0) +
T2
48
(
24δ + 56λ4 + 96λ′4 + 3g
′2 + 9g2
)
M2
Π˜UD
(σ4, σ2,T) = M2Π˜UD(T = 0) +
T2
6
(
3δ + 7λ4 + 12λ′4
)
M2Πλλ(σ4, σ2,T) = M
2
Πλλ
(T = 0) +
T2
3
(
3δ + 2λ2 + 6λ′2
)
M2
Π˜λλ
(σ4, σ2,T) = M2Π˜λλ(T = 0) +
T2
3
(
3δ + 2λ2 + 6λ′2
)
(C2)
where it is understood that the masses of the first 3 + 3 states are the eigenvalues of the
corresponding matrices. Also
k1 = −m24 +
(
δ − δ′σ22
)
σ22 + 3
(
λ4 + λ
′
4
)
σ24
+
T2
48
3g′2 + 9g2 + 8 7λ4 + 3 δ + m2topv24 + 4λ′4

k2 = −m22 +
(
δ − 6δ′σ22
)
σ24 + 3
(
λ2 + 2λ′2
)
σ22 +
T2
3
(
3δ + 2λ2 + 6λ′2
)
k3 = M2Π˜0(T = 0) +
T2
48
3g′2 + 9g2 + 8 7λ4 + 3 δ + m2topv24 + 4λ′4

k˜1 = m21,ETC −m24 +
(
δ + δ′σ22
)
σ22 +
(
λ4 + λ
′
4
)
σ24
+
T2
48
3g′2 + 9g2 + 8 7λ4 + 3 δ + m2topv24 + 4λ′4

k˜2 = m21,ETC −m22 +
(
δ + 6δ′σ22
)
σ24 +
(
λ2 + 2λ′2
)
σ22 +
T2
3
(
3δ + 2λ2 + 6λ′2
)
k˜3 = M2Π0(T = 0) +
T2
48
3g′2 + 9g2 + 8 7λ4 + 3 δ + m2topv24 + 4λ′4
 .
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APPENDIX D: GAUGE BOSONMASSMATRICES
The background dependent transverse and longitudinal gauge boson mass matrices
are
M2T(σ4) =
σ24
4

g2 0 0 0
0 g2 0 0
0 0 g2 −g′g
0 0 −g′g g′2

, M2L(σ4) = M
2
T(σ4) + ΠL , (D1)
where
ΠL =

2g2T2 0 0 0
0 2g2T2 0 0
0 0 2g2T2 0
0 0 0 2g′2T2

. (D2)
The longitudinal mass matrix receives finite temperature contributions both from the
SM and also the technicolor sector. From the technicolor sector only the Higgs particle
and its partner associated to SU(4) contribute. The remaining composites are neutral
under the electroweak symmetry. The contributions are computed as follows
U(1) : ΠSL =
g′2T2
3
∑
S
Y2S , Π
F
L =
g′2T2
6
∑
F
Y2F , (D3)
SU(N) : ΠSL =
g2T2
3
∑
S
T(rS) , ΠFL =
g2T2
6
∑
F
T(rF) , ΠVL =
N
3
g2T2 (D4)
The sums are over complex scalars and Weyl fermions respectively. The last contribution
in the non-abelian case is due to the gauge bosons self interaction. Also T(r) is the trace
normalization factor Tr
[
TarTbr
]
= T(r)δab.
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other analysis also confirm our original findings[94, 95]. Another important point is that
in a field theoretical framework the only way, independent from perturbation theory, that
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also a Goldstone boson when δ′ vanishes. We have retained these states in the section in
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